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Abstract
The inner ear (vestibular and cochlear) efferent neurons are a group of atypical motor-like hindbrain neurons which innervate inner ear
hair cells and their sensory afferents. They are born in the fourth rhombomere, in close association with facial branchial motor neurons, from
which they subsequently part through a specific migration route. Here, we demonstrate that the inner ear efferents depend on Phox2b for
their differentiation, behaving in that respect like hindbrain visceral and branchial motor neurons. We also show that the vestibular efferent
nucleus is no longer present at its usual site in mice inactivated for the bHLH transcription factor Mash 1. The concomitant appearance of
an ectopic branchial-like nucleus at the location where both inner ear efferents and facial branchial motor neurons are born suggests that
Mash1 is required for the migration of a subpopulation of rhombomere 4-derived efferents.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
For several decades, it has been recognized that hair cells
in the inner ear receive an efferent innervation from neurons
located in the hindbrain (Rasmussen, 1946). Inner ear ef-
ferent (IEE) neurons can be subdivided according to their
target field into vestibular and cochlear. Vestibular efferent
neuronal cell bodies are predominantly located in a small
nucleus, the vestibular efferent nucleus (VEN) located, in
mammals, lateral and dorsal to the internal genu of the facial
nerve, as determined in cat (Gacek and Lyon, 1974) and rat
(White and Warr, 1983), among other species. Cochlear
efferent neurons display more interspecies variability in
their spatial arrangement but are usually found in two loose
groups, lateral and medial—hereafter collectively referred
to as the cochlear efferent nucleus (CEN)—associated with
the superior olivary complex (White and Warr, 1983). Both
types of efferent neurons send crossed and uncrossed pro-
jections to the inner ear which exit the hindbrain through the
statoacoustic nerve and synapse onto hair cells and associ-
ated afferent terminals (Roberts and Meredith, 1992). IEEs
can modulate the afferent response to vestibular or cochlear
stimulation (e.g., Highstein, 1991 for the vestibular effer-
ents). The physiological uses of this modulation may in-
clude protection against sound-induced auditory damage
(Zheng et al., 1997), maturation of auditory pathway (Glo-
watzki and Fuchs, 2000), or differential modulation of in-
coming vestibular or auditory signals (Highstein, 1991).
Much less is known about the development of IEEs (re-
viewed in Simmons, 2002) than of other hindbrain efferent
neurons. They are born in the ventral aspect of the fourth
rhombomere (r4) (Simon and Lumsden, 1993), which also
gives rise to another efferent neuronal population, the facial
branchial motor neurons (FBMs). This common origin has
led to speculations that IEEs are evolutionarily derived from
FBMs (Fritzsch, 1998; Roberts and Meredith, 1992).
Developmentally, their major claim to fame has been to
send processes across the floorplate as early as E10 (Simon
and Lumsden, 1993; Fritzsch et al., 1993). Indeed, the early
presence of crossed fibers has often been used as a hallmark
of r4 (e.g., Bell et al., 1999; Marshall et al., 1992; Zhang et
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al., 1994), although early projections through the floor plate,
presumably less conspicuous, have also been described in r2
(Mallo, 1997). This contralateral projection is achieved, at
least in chicken, by a translocation of cell bodies across the
floor plate (Fritzsch, 1996; Simon and Lumsden, 1993).
They subsequently migrate dorsally, thus parting from
FBMs whose postmitotic precursors, which do not cross the
midline, first migrate caudally to r6 before undergoing a
radial migration towards the pial surface (Auclair et al.,
1996; Pattyn et al., 1997). Thus, r4 gives rise to two efferent
neuronal populations which display patterns of migration
unlike those of all other hindbrain motor neurons: somatic
motor (sm) neurons remain ventral and branchial and vis-
ceral motor (bm/vm) neurons other than the FBMs migrate
ipsilaterally and dorsally. Perhaps not surprisingly, the r4-
specific migration patterns of hindbrain efferents are under
the control of the Hox gene Hoxb1, specifically expressed,
within the hindbrain, in r4 (Cordes, 2001). Indeed, loss-of-
function of Hoxb1 abrogates both the contralateral projec-
tions and the caudal migration of r4 efferents (Goddard et
al., 1996; Studer et al., 1996), while ectopic expression of
Hoxb1 induces ectopic contralateral projections (Bell et al.,
1999).
IEE postmitotic precursors, uniquely among hindbrain
efferent neurons, express the zinc finger transcription factor
GATA3 (Karis et al., 2001; Pata et al., 1999). This expres-
sion is under the control of the related factor GATA2, itself
controlled by Hoxb1 (Pata et al., 1999). GATA3 and GATA2
have been proposed to control the contralateral projection of
IEEs (as well as the caudal migration of FBMs; see Nardelli
et al., 1999 and Pata et al., 1999) and thus to mediate Hoxb1
function in specifying the migratory behavior of the efferent
contingent of r4 (but see Discussion).
Here we report that the IEEs crucially depend on two
other transcription factors, Phox2b and Mash1. Phox2b is a
paired-like homeodomain protein (Pattyn et al., 1997),
which is expressed in the hindbrain in all bm/vm precursors
and is essential for their differentiation (Pattyn et al.,
2000b). We now show that Phox2b is also essential to the
earliest differentiation phase of IEEs. Mash1 is a bHLH
transcription factor which is widely expressed throughout
the peripheral and central nervous systems (Guillemot and
Joyner, 1993; Lo et al., 1991). Its documented roles range
from classical “proneural” functions (cell cycle arrest and
promotion of a generic neuronal differentiation pathway) to
the specification of neuronal identity traits (see Bertrand et
al., 2002; Brunet and Ghysen, 1999 for reviews). Here, we
show that Mash1 controls the migratory behavior of r4-
derived efferents. Its inactivation blocks the contralateral
projections of IEEs and causes the disappearance of the
VEN proper, concomitant with the appearance of an ectopic
motor-like nucleus, located close to where IEEs and FBMs
are born. This phenotype unveils an unprecedently discrete
and late role for a neural bHLH gene, i.e., in the migration
of postmitotic neuronal precursors.
Materials and methods
Mice lines and genotyping
Phox2bLacZ heterozygous mice (Pattyn et al., 1999) were
maintained on a C57B16 background and intercrossed to
produce homozygous embryos. Since Phox2bLacZ/LacZ ho-
mozygotes die at midgestation, embryos were rescued until
E18.5 by noradrenergic agonists as described (Pattyn et al.,
2000a). Embryos were genotyped by PCR analysis (Pattyn
et al., 2000b). Mash1/ heterozygous mice (Guillemot et
al., 1993) were maintained on a C57B16 background and
interbred to produce homozygous embryos. PCR genotyp-
ing was performed as described (Blaugrund et al., 1996).
Heterozygotes and wild type embryos from these inter-
crosses were used as controls, except in Fig. 2A–F, which
shows Swiss wild type embryos.
In situ hybridization and immunohistochemistry
Antisense RNA probes for GATA3 (Pata et al., 1999),
GATA2 (Nardelli et al., 1999), Tbx20 (Kraus et al., 2001),
Mash1 (Guillemot et al., 1993), ChAT (kindly provided by
Drs. S. Pfaff and T. Jessel), peripherin (Escurat et al., 1990),
and chicken GATA3 (kind gift of D. Engel) were labelled by
using the DIG-RNA labelling kit (Roche). In situ hybrid-
ization on cryosections and combined in situ hybridization
and immunohistochemistry for Phox2a or Phox2b were per-
formed as described (Hirsch et al., 1998; Tiveron et al.,
1996). Double immunofluorescence for serotonin (Sigma)
and GATA3 (Santa Cruz) was performed on lightly fixed
embryos (4% paraformaldehyde for 2 h). Whole-mount
embryos were immunostained with a mouse anti-NF-160
(Sigma) as described (Maina et al., 1998). Hindbrains were
dissected out and flat mounted in glycerol.
BrdU labelling
BrdU (5-Bromo-2-deoxyuridine; Sigma) was injected
intraperitoneally into pregnant females 2 h before dissecting
the embryos. Treatment of the cryosections and BrdU de-
tection after in situ hybridization were performed as de-
scribed in Pattyn et al. (2000b), except that a mouse anti-
BrdU antibody (DAKO) (diluted 1/500) was used.
DiI retrograde labelling
The left auditory bulla of E18.5 embryos was opened to
expose the osseous labyrinth. To access the cochlear nerve
endings, the round window was opened and a Dil cristal
(1,1-diotadecyl-3,3,3,3-tetramethylindocarbocyanine per-
chlorate; Molecular Probes) was applied in the cochlear
duct. To access the vestibular nerve, the petrous bone was
removed above the utricle and the saccule. Through this
opening, the utricle, saccule, and lateral and anterior cristae
were removed so as to expose the vestibular nerve endings.
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A DiI cristal was placed in this cavity on the left side. Heads
were kept in 4% paraformaldehyde in PBS at room temper-
ature in the dark to let the lipophilic dye diffuse back to the
inner ear efferent nuclei. After 5 weeks, the brains were
dissected out and analysed after vibratome sectioning (80
m thick). Sections of interest were photographed under a
fluorescent microcope (Axiophot Zeiss), mounted on Super-
frost slides (Menzel-Gla¨ser), left to dry at room tempera-
ture, and processed for in situ hybridization as described
above. Retrograde labelling experiments from the vestibule
and the cochlea were carried out on control animals (n 14
and n  15, respectively) and Mash1/ mutants (n  5
and n  5, respectively).
Electroporation
Chick embryos 44-52 h old were electroporated in ovo as
described (Dubreuil et al., 2000). A pCAGGS-based mouse
Phox2b expression vector (Dubreuil et al., 2000) and a
Mash1 expression vector (Dubreuil et al., 2002) were in-
jected at 1 mg/ml together with pCAGGS-AFP (Momose et
al., 1999) at 0.8 mg/ml to visualise the transfected area.
Embryos were allowed to develop for 24 h, harvested, and
treated as in Dubreuil et al. (2000).
Results
Normal development of the VEN and CEN
Throughout the hindbrain, bm/vm neurons arise from a
ventral neuroepithelial domain—hereafter called pMNv—
topologically equivalent to the spinal p3 domain where V3
interneurons are born (Briscoe et al., 1999). This domain
coexpresses Nkx2.2 and Nkx2.9 (Briscoe et al., 1999),
Nkx6.1 and Nkx6.2 (Briscoe et al., 2000), Mash1, Phox2b
(Pattyn et al., 2000b) and, albeit exclusively in r4, high
levels of Hoxb1 (Gaufo et al., 2000). In the mantle layer, the
postmitotic progeny of the pMNv domain (i.e., the precur-
sors of bm/vm neurons) maintain expression of Phox2b
(Pattyn et al., 2000b) and Nkx6.1 (Puelles et al., 2001),
switch on the T-box factor Tbx20 (Kraus et al., 2001; N.
Grillet, A.P., and J-F.B., unpublished data) and the Phox2b
paralogue Phox2a, and extinguish Mash1 and Nkx2.2 (Pat-
tyn et al., 2000b). IEEs are known to be born from the
pMNv domain of r4-like FBM neurons (Bruce et al., 1997;
Simon and Lumsden, 1993) and to express high levels of the
zinc finger factors GATA2 and GATA3 (Karis et al., 2001;
Nardelli et al., 1999; Pata et al., 1999). Accordingly, at
E10.5, we detected a group of highly GATA2 and GATA3
cells restricted to ventral r4, in register with the pMNv
domain giving rise to FBMs (Fig. 1). They represented a
subpopulation of Phox2b and Phox2a cells, accumulat-
ing on the pial side of the mantle layer (Fig. 1A, B, and E).
Like FBMs, they expressed high levels of Tbx20 (Fig. 1F)
and had downregulated Nkx2.2 (not shown). Occasionally,
isolated or clustered GATA2/GATA3 cells could be seen
in the floor plate (Fig. 1A–D) (see Discussion). Remarkably,
and unlike FBMs, IEE precursors kept expression of Mash1
in the mantle layer (Fig. 1G and H). Their postmitotic status
was verified by their lack of BrdU incorporation (Fig. 1H).
This unusual postmitotic expression of Mash1 could be
detected up to E12.5 (not shown). One day later, at E11.5,
IEE precursors formed a subventricular ventral mass, ap-
posed to the floor plate and continuous with a string of cells
extending laterally, evocative of chain migration (Fig. 2A
and B) in agreement with data obtained by Karis et al.
(2001). At E12.5, this stream had largely depleted the ven-
tral pool of cells and could be seen to split in two branches,
one reaching dorsally the level of the lateral recess of the
fourth ventricle and the other curving basally and reaching
the pial side of the mantle layer (Fig. 2C and D). By E13.5,
this migration was mostly completed and had given birth to
a small dorsal nucleus (the incipient VEN) and a larger and
looser aggregate of neurons (the incipient CEN) (Fig. 2E
and F). At E18.5, these nuclei had assumed their adult
morphology and position and expressed Phox2a, Phox2b,
GATA3, Tbx20, peripherin, and ChAT (Fig. 2G–J, and data
not shown).
Among the transcription factors expressed by VEN and
CEN precursors, only GATA2, GATA3, and Hoxb1 have
been examined so far for a functional requirement (see
Introduction). We sought to determine a possible function
for three other transcription factors expressed by IEEs:
Phox2a, Phox2b, and Mash1.
Absence of the VEN and CEN in Phox2b mutants
In the medulla, three major classes of motoneurons arise:
somatic, visceral (i.e., preganglionic to enteric and parasym-
pathetic ganglia), and branchial. Only the two latter express
Phox2 genes (Brunet and Pattyn, 2002). Phox2b expression
starts in proliferative bm/vm progenitors in the neuroepithe-
lium and controls the onset of Phox2a expression in their
postmitotic progeny in the mantle layer. Knock-out exper-
iments have revealed that Phox2a is dispensable for the
generation of bm/vm neurons, while Phox2b is essential for
it (Pattyn et al., 2000b). We explored the possibility of a role
for these two genes in that fourth, atypical class of hindbrain
efferents, the IEEs. The VEN and CEN appeared intact in
E18.5 Phox2a knock-out embryos (not shown). In contrast,
they were undetectable in Phox2b knock-out embryos of the
same age by in situ hybridization with peripherin (Fig. 3A
and B), Phox2a, Tbx20, or ChAT (not shown). Moreover, in
the atrophic mantle layer of r4 in E10.5 Phox2b mutants, the
lack of Phox2a, -tubulin (Pattyn et al., 2000b), and Tbx20
expression (N. Grillet, A.P., and J-F.B., unpublished data)
shows that the differentiation of IEEs fails, like that of
FBMs, at the earliest detectable stage in the absence of
Phox2b. The expression of another IEE marker, GATA3,
was dramatically downregulated but surprisingly not abol-
ished in ventral r4 at E10.5: the dense cluster of GATA2/
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Fig. 1. Expression of transcription factors by IEE precursors at E10.5. Combined
in situ hybridization with GATA2 (A, C), GATA3 (B, D, E), Tbx20 (F), or Mash1
(G, H) probes and immunohistochemistry using anti-Phox2b (A–D, G), anti-
Phox2a (E, F), or anti-BrdU (H) antibodies on transverse sections through the
fourth rhombomere (r4) of wild type E10.5 embryos. (A–F) Adjacent sections
showing GATA2, GATA3, and Tbx20 labelling of the IEE precursors in the ventral
aspect of r4 (arrows). Phox2a and Phox2b are coexpressed in this population, as
well as in the adjacent GATA2/GATA3 FBM precursors. In (C) and (D),
GATA3/ Phox2b IEE precursors are seen in the floorplate in a pattern sugges-
tive of contralateral migration. (G, H) Unlike FBMs, IEE precursors maintain
Mash1 expression in the mantle layer (arrows in G and H), even though they are
postmitotic and do not incorporate BrdU (H). Scale bar, 70 m.
Fig. 2. Development of IEEs in wild type mice. (A–F) In situ hybridization
with GATA3 (A, C, E) or Tbx20 (B, D, F) probes on transverse adjacent
sections through r4. (A, B) At E11.5, most of the GATA3/Tbx20 IEE
precursors are still located ventral to the FBM neurons near the midline.
Some IEEs start migrating laterally (arrowheads). Many FBM neurons
(asterisks) have not yet started their caudal migration to r6. (C–F) Right
side of r4, midline is to the left. At E12.5 (C, D), IEE neurons continue
their lateral migration (arrowheads) and split into two populations, one
migrating ventrally towards the lateral superior olive (lso) to form the
CEN, while another, smaller population migrates dorsally to form the
VEN. Some IEE neurons are still close to the midline (large arrow), and
some FBM neurons have not yet left r4 (asterisk in D). At E13.5 (E, F),
VEN and CEN have mostly finished their migration and reached their final
location. At that stage, neither FBM neurons nor IEE precursors are
detected near the midline of r4. (G–J) Transverse sections through E18.5
embryonic brains labeled with combined in situ hybridization with GATA3
(G), Tbx20 (H), ChAT (I), and peripherin (J) probes and immunohisto-
chemistry with anti-Phox2b (G, H, J) or anti-Phox2a (I) antibodies. The
VEN (arrow) is located at its final position, dorsolateral to the genu of the
facial nerve detected by in situ hybridization with peripherin (gf in J). It
expresses GATA3 (G), Tbx20 (H), ChAT (I), and peripherin (J) as well as
Phox2b and Phox2a proteins (inset in H and I, respectively). abd, nucleus
abducens; 4v, fourth ventricle. Scale bar. 100 m (A, B), 130 m (C, D),
150 m (E–J).
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GATA3high cells had given way to a sparser group of
GATA2/GATA3low cells (Fig. 3C–F). An equivalent ventral
group of GATA2/GATA3low cells was detected in r2, r3, and
r5–7 of Phox2bLacZ/LacZ but not Phox2bLacZ/ embryos (in-
sets of, respectively, Fig. 3D and F and 3C and E for r7, and
data not shown). Serotonin was detected in a small fraction
of these cells (Fig. 3G and H), which therefore correspond
to precursors of serotonergic neurons that are known to
express GATA3 (van Doorninck et al., 1999) aproximately 1
day before serotonin (Pattyn et al., 2003) (see Discussion).
Together, these data show that IEE precursors, indistin-
guishable in that respect from hindbrain bm and vm neu-
rons, depend on Phox2b (but not on Phox2a) for their
differentiation, as early as E10.
Absence of the VEN and formation of an ectopic nucleus
in Mash1 mutants
Mash1 is a bHLH protein expressed in large domains of
the neuroepithelium throughout the rostrocaudal extent of
the neuraxis (Guillemot and Joyner, 1993; Lo et al., 1991).
In the hindbrain and spinal cord, its only functional require-
ments reported so far have been for the differentiation of V2
spinal interneurons (Parras et al., 2002) and pontine and
medullary noradrenergic centers (Hirsch et al., 1998).
Mash1 is strongly expressed in the pMNv domain through-
out the hindbrain at E10.5 (Mizuguchi et al., 2001; Pattyn et
al., 2000b), and Phox2b is required for its wild type level of
expression (Pattyn et al., 2000b). However, no phenotype
has been so far described in the bm/vm neurons of Mash1
knock outs. Indeed, at E18.5, the trigeminal, facial, am-
biguus, and dorsal vagal nuclei were present and did not
display any gross morphological anomaly (Hirsch et al.,
1998, and unpublished data). In contrast, we failed to detect
the VEN at its usual position—dorsolateral to the internal
genu of the facial nerve—by peripherin, ChAT, and Tbx20
in situ hybridization or Phox2a and Phox2b immunohisto-
chemistry (Fig. 4A–H). Instead, we detected an ectopic
nucleus (herefater designated as the “X” nucleus) sand-
wiched between the genu and the ventricular zone, which
expressed peripherin,ChAT, Phox2b,Tbx20 (arrows in Fig.
4B, D, F, and H), but neither Phox2a (not shown) nor
GATA3 (Fig. 4F). In contrast, at more rostral levels, the
scattered group of Tbx20peripherin neurons of the CEN
were present in numbers comparable to wild type, and,
unlike neurons in the “X” nucleus, expressed GATA3 (not
shown). We then proceeded to explore the developmental
dynamic of this coincident absence of VEN and appearance
of the “X” nucleus.
The earliest signs of differentiation of IEEs are the ex-
pression of GATA2/GATA3 and the presence of contralateral
axonal projections in r4. In E11.5 Mash1 knock-outs, no
crossing fibers could be detected in the floor plate of r4 by
anti-neurofilament immunohistology (Fig. 4I and J), in a
manner reminiscent of Hoxb1 knock-outs (Studer et al.,
1996) and GATA3 knock-outs (Pata et al., 1999). On trans-
verse sections through r4 at E10.5, the number of GATA3
precursors was reduced by 60%, but not the level of expres-
sion per cell (Fig. 4K–M). The scarcity of these cells pre-
vented us from following their fate at later stages, but they
are the likely precursors of the preserved CEN, which is
clearly detectable at E13.5 by Tbx20 in situ hybridization
(Fig. 4N and O). At this stage, the subventricular zone of the
r4 pMNv domain, which, in the wild type was practically
depleted of Tbx20 cells by the concomitant dorsal migra-
tion of IEEs and caudal migration of FBMs (Fig. 4N), still
contained a group of Tbx20 cells in the knock-outs (arrow
in Fig. 4O), in a position clearly prefiguring that of the “X”
Fig. 3. The VEN does not form in Phox2b mutants. (A, B) In situ hybridization with peripherin probe on transverse brain sections of E18.5 embryos. While
the VEN is observed dorsolateral to the genu of the facial nerve (gf) in Phox2b heterozygotes (A), it is absent in the mutants (B, asterisk). Note that the genu
of the facial nerve itself, which is often labelled by peripherin in situ hybridization (gf in A), is no longer detected in the mutant (arrowhead), as expected
since the facial nucleus does not form. (C–F) In situ hybridization with a GATA2 (C, D) or GATA3 (E, F) probe on tranverse sections through r4 of E10.5
embryos. In the Phox2b mutant (D, F), GATA2/GATA3 expression is reduced in both the number of expressing cells and intensity. (Insets) At the level of
r7, expression of GATA2/GATA3 is already detected ventrally at E10.5 in the mutants (D, F) but not yet in the wild type (C, E). (G, H) Double-
immunoflorescence for GATA3 (in red) and serotonin (in green) showing the ectopic generation of serotonergic precursors in ventral r4 of Phox2b mutants.
Serotonin is detectable approximately 1 day after GATA3 is turned on in serotonergic precursors, hence the small number of positive cells at this stage. (Inset)
Close-up on a serotonergic precursor cell. 5HTp, serotonergic precursors; abd, abducens nucleus; iee, inner ear efferents; V2, V2 interneurons; ven, vestibular
efferent nucleus. Scale bar, 130 m (A, B) and 70 m (C, D).
Fig. 4. Absence of VEN and presence of an ectopic nucleus in Mash1 mutants. (A–H) In situ hybridization with peripherin (A, B) or ChAT (C, D) probes
and in situ hybridization with GATA3 (E, F) and Tbx20 (G, H) probes combined with immunohistochemistry using anti-Phox2b antibodies on transverse
sections through the hindbrain of heterozygous (A, C, E, G) or homozygous (B, D, F, H) E18.5 Mash1 mutant embryos. In Mash1/ mutants, no VEN can
be detected at its normal location (asterisk). However, an ectopic nucleus (arrow) expressing peripherin, ChAT, Tbx20, and Phox2b but not GATA3 is
observed medially close to the floor of the fourth ventricle. (I, J) Flat mount of E11.5 hindbrains labeled with anti-neurofilament. Contralateral axonal
projection of IEE precursors are seen crossing the floorplate in the wild type (I) but not in the mutant (J). (K–M) Combined in situ hybridization with a GATA3
probe and immunohistochemistry with an anti-Phox2b antibody on E10.5 transverse sections through r4 and GATA3-positive cell counts per hemi-section
in heterozygote (K, M) and mutant (L, M) embryos (n  16 and n  20, respectively). The ventral GATA3-positive population is depleted by 60% in the
mutant. (N, O) In situ hybridization with Tbx20 probe on transverse sections through r4 of E13.5 heterozygote (N) and mutant (O) embryo. The right side
is shown, the midline is to the left, and the contour of the fourth ventricle is marked with a dotted line. In the mutant, the cells constituting the developing
VEN are never seen at their normal location close to the lateral recess of the fourth ventricle (asterisk), while a population of Tbx20-positive cells is present
medially (arrow), exactly where the ectopic nucleus is found at E18.5. Note that the forming CEN is not affected by the mutation. abd, abducens nucleus;
gf, genu of the facial nerve. Scale bar, 150 m (A–H), 160 m (I, J), 80 m (K, L), and 200 m (N, O).
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nucleus at E18.5 (compare Fig. 4O and H). Together, these
data show that the “X” nucleus forms from a pool of r4
efferent precursors which fail to migrate after they have
reached the mantle zone.
The ectopic nucleus does not project to the inner ear
The survival of neurons in the ectopic nucleus up to
perinatal stages suggested that these neurons form a projec-
tion which allows them to receive trophic support. One
obvious possibility is that those neurons are mislocated
VEN neurons, which, having failed to migrate to their wild
type settling site, yet manage to project to their proper
target, the vestibule. We explored this possibility by retro-
grade filling with DiI. Injection of DiI in the vestibule of
E18.5 wild type embryos resulted in a contralateral retro-
grade labelling of the VEN (Fig. 5A and C). In contrast, DiI
injections in the vestibule of Mash1 knock-outs failed to
label the “X” nucleus, ipsi, or contralateral, or indeed any
neuronal group in the hindbrain other than sensory nuclei
(Fig. 5B and D, and data not shown). This shows that the
“X” nucleus does not innervate the vestibule, and suggests
that the latter does not receive any efferent innervation in
Mash1 null mutants. In contrast, deposition of DiI crystals
in the cochlea of wild type animals as well as of Mash1
nulls, resulted in the retrograde bilateral filling of CEN
neurons (Fig. 5E and F), but not of the “X” nucleus (not
shown), confirming the integrity of the CEN in Mash1
mutants and showing that the “X” nucleus does not inner-
vate the cochlea. It is notable that, in spite of the lack of
detectable crossing fibers in Mash1/ embryos at E11.5
(Fig. 4I and J), both contralateral and ipsilateral CEN pro-
jections were detectable at E18.5 (Fig. 5E and FZ), suggest-
ing that CEN contralateral projections occur after E11.5
(and later than those of the VEN). The extreme proximity of
the “X” nucleus to the internal genu of the facial nerve
precluded a study of its projection(s) by anterograde filling.
Mash1 and Phox2b can ectopically induce GATA3
GATA3 expression is compromised in the ventral r4
region of both Phox2b and Mash1 knock-outs. In Phox2b
null mutants, GATA3high IEE precursors seen in wild type
embryos give way to GATA3low serotonergic precursors
(Fig. 3E and F). In Mash1 mutants, GATA3high expression is
preserved but in reduced numbers (Fig. 4K and L). There-
fore, Mash1 and Phox2b could be more or less direct in-
ducers of GATA3 in r4. Alternatively, they could be “per-
missive” for GATA3high expression, i.e., be merely required
for promoting neuronal differentiation up to a point of
competence for GATA3high expression, under the influence
of other inducers. To distinguish between these two possi-
bilities, we tested whether Phox2b or Mash1 could induce
GATA3 in ectopic locations. Indeed, electroporation of the
dorsal chicken spinal cord with Phox2b or Mash1 induced
strong GATA3 expression in postmitotic neurons (Fig. 6A–
D). In contrast, GATA2 was induced by Phox2b, but not by
Mash1 (Fig. 6E–H). Together, these data suggest that
Mash1 and Phox2b are relatively direct (or “instructive”)
activators of GATA3, a marker specific, among hindbrain
efferents, for IEEs.
Discussion
Inner ear efferents are an atypical class of efferent neu-
rons which synapse onto inner hair cells and associated
octaval sensory terminals to modulate input to the brain
from auditory and balance organs. They are probably phy-
logenetically as ancient as hair cells themselves (Manley
and Koppl, 1998). Their birth date and place, indistinguish-
able from those of FBMs, as well as their cholinergic phe-
notype have prompted speculations that they are evolution-
arily modified branchial motor neurons (Fritzsch, 1998;
Roberts and Meredith, 1992). Their dependancy on Phox2b,
demonstrated here, further argues in favor of a phylogenetic
link between IEEs and FBMs. Apart from their distinct
targets, one of the distinguishing features between IEEs and
FBMs is their pattern of migration and their settling site.
The VEN phenotype of the Mash1 null embryos, that we
also report here, sheds light on the mechanism by which the
IEE migratory behavior diverges from that of FBMs.
Migratory behavior of efferent neurons born in r4
Branchial and visceral motor neurons are characterized
by a dorsal (tangential) migration (e.g., Ericson et al., 1997;
Heaton and Moody, 1980) which brings them out of register
Fig. 5. The ectopic nucleus projects neither to the vestibule nor the cochlea in Mash1 mutant. (A–D) A DiI cristal was applied to the left vestibule of wild
type (A, C) and Mash1 mutant (B, D) E18.5 embryos. Hindbrain sections were photographed under a fluorescent microscope (A, B) and hybridized afterwards
with a Peripherin probe (C, D). In the wild type, the contralateral VEN is retrogradelly labeled along with the efferent fibers in the vestibuloacoustic nerve
(arrows in A). Only vestibular afferences (VA) are seen in the mutant (B), showing that the vestibule does not receive any efferent innervation and that the
X nucleus (arrows in B and D) does not innervate the vestibule. (E, F) DiI cristals were deposited in the left cochlea of a Mash1 heterozygote (E) and
homozygote (F) E18.5 mutant embryo. Ipsilateral and contalateral projections of the CEN (arrows) are labelled in both cases. abd, abducens nucleus. Scale
bar, 170 m (A–D) and 320 m (E, F).
Fig. 6. GATA3 is induced by ectopic expression of Phox2b or Mash1. In situ hybridization with chicken GATA3 (B, D) or GATA2 (F, H) on transverse sections
of a chicken spinal cord 48 h (A–D) or 20 h (E–H) after electroporation with Phox2b (A, B, E, F) or Mash1 (C, D, G, H). The extent of transfection is shown
by GFP fluorescence (A, C, E, G). GATA3 is ectopically induced in postmitotic neurons dorsally to its endogenous expression domains (in V2 interneurons)
by both Phox2b (B) and Mash1 (D). GATA2 is strongly induced by Phox2b (F) but not by Mash1 (H).
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with the pMNv neuroepithelial domain from which they
arise (Briscoe et al., 1999; Ericson et al., 1997; Pattyn et al.,
2000b; reviewed in Cordes, 2001). In r4, the migration
pattern of the two indigenous efferent populations is atyp-
ical: in mice and fish (but not in chick), FBMs migrate first
caudally to r6, then radially towards the pial surface (Au-
clair et al., 1996). IEEs, at least in chick, migrate across the
floorplate through secondary processes (Fritzsch et al.,
1993; Simon and Lumsden, 1993) before undergoing a
dorsolateral migration. It has been suggested that the con-
tralateral projection of IEEs is achieved differently in
mouse, i.e., by the midline crossing of the axons themselves
(Fritzsch, 1996). However, we did detect GATA3 cells in
the floorplate of r4 at E10.5, suggesting that the midline
translocation of IEE cell bodies is at least partially con-
served between chicken and mouse. Subsequently, IEEs
migrate dorsolaterally and split into two streams which give
rise to the deeply located VEN and the more superficial
(pial) CEN (Karis et al., 2001; and this study).
Cell-intrinsic determinants for these r4-specific migra-
tory patterns have been uncovered. In mice deficient for the
cyclin-dependent kinase Cdk5/p35, FBMs do not migrate
caudally and accumulate where they are born, in the mantle
layer of r4 (Ohshima et al., 2002); Cdk5 has also been
shown to synergize with the reelin/Dab1 signaling pathway
to control the radial migration of FBMs (Ohshima et al.,
2002), which is only mildly affected in reelin or Dab1
mutants (Lambert de Rouvroit and Goffinet, 2001; Ohshima
et al., 2002). Trilobite, the zebrafish homologue of the
transmembrane protein Strabismus, is essential for the cau-
dal migration of FBMs in a partially cell-autonomous fash-
ion (Bingham et al., 2002; Jessen et al., 2002). The tran-
scriptional control of FBM migration involves the zinc
finger factor Ebf1 (Garel et al., 1997), strongly expressed in
postmitotic FBMs (Pattyn et al., 2000b): inactivation of
Ebf1 entails the premature radial migration of a contingent
of FBMs, apparently by altering the timing of their differ-
entiation during migration itself (Garel et al., 2000). In none
of these mutants has the migration of IEEs been examined.
Both the IEE contralateral projection and the FBM caudal
migration are under the control of Hoxb1, as demonstrated
by loss-and gain-of-function studies (Bell et al., 1999; God-
dard et al., 1996; Studer et al., 1996). It has also been argued
that both are under the control of GATA2 and GATA3
(Nardelli et al., 1999; Pata et al., 1999). However, GATA2
and GATA3 knock-outs die around the time when IEE and
FBM migration should start (around E10.5), and further
studies on GATA3 escapers at E13.5 suggested that the
penetrance of the GATA3 phenotype in FBMs was rather
weak (Karis et al., 2001). A possibility therefore, is that the
lack of FBM migration reported in E10.5 GATA3 knock-
outs is due to a general developmental arrest, rather than a
specific action of GATA3 on FBMs. In line with this, label-
ling studies strongly suggest that FBM precursors never
express GATA3: for example, LacZ (which behaves like a
short term lineage tracer) when expressed from the GATA3
locus, is not detectable in ventral r5 at the time where FBM
precursors traverse it (Pata et al., 1999). Although IEEs do
express GATA3, the block of contralateral projections could
in theory be explained, at least in part, in the same way. In
favor of this, the VEN and CEN are normally located in
E16.5 GATA3/ escapers (Karis et al., 2001), and their
contralateral projections are suggested by the same authors
to be present, if somewhat diminished. At any rate, available
data suggest that GATA3, although lying downstream of
Mash1 (our study), does not mediate its role in the forma-
tion of the VEN, that we discuss below.
A discrete role for Mash1 in the migration of r4-derived
efferents
In Mash1 knock-out embryos, we report three abnormal-
ities in the fate of efferent neurons born in r4: (1) contralat-
eral projections of IEEs do not occur at E10.5, (2) the VEN,
normally located lateral and dorsal to the genu of the facial
nerve is no longer detected there and (3) an ectopic group of
neurons is found medial to the genu. The cells in this “X”
nucleus express a battery of markers which identify them as
hindbrain nonsomatic efferents: Phox2b, Phox2a, Tbx20,
peripherin, and ChAT. Moreover, the “X” nucleus is located
precisely where motoneuronal precursors (both FBMs and
IEEs) exit the neuroepithelium: in the subventricular zone
of the r4 pMNv domain from which, in wild type embryos,
they subsequently migrate away (the FBMs caudally to r6,
the IEEs dorsolaterally in r4). The most parsimonious de-
velopmental scenario that would account for these three
anomalies is that the “X” nucleus is an ectopic VEN whose
precursors, which depend on Mash1 for their contralateral
and dorsal migration, are stranded right outside the ventric-
Fig. 7. Regulation of GATA2 and GATA3 in the pMNv domain of the
hindbrain as deduced from our Mash1 and Phox2b gain- and loss-of-
function studies and the analysis of Hoxb1, GATA2, and GATA3 mutants
by other authors (see text for details). Phox2b acts as an inducer or a
repressor of GATA2/GATA3, depending on the presence or not of Hoxb1.
Mash1 acts as a partial coactivator (dotted arrow) of GATA3. The postmi-
totic timing of its action is hypothetical.
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ular zone where they are born. Strikingly, this postmitotic
phenotype, unusual for a “proneural” gene, is paralleled by
the fact that VEN precursors stand out, among hindbrain
efferents, for keeping expression of Mash1 after cell cycle
exit. This raises the possibility that the migratory require-
ment for Mash1 is itself postmitotic. Mash1 has been noted
before to stay on postmitotically in some other unidentified
neuronal types (Guillemot and Joyner, 1993). It will be
interesting to see whether in those, too, Mash1 is required
for a migratory behavior.
It should be stressed, though, that the “X” nucleus does
not display either of the two features which distinguish
VEN neurons from FBMs—expression of GATA3 and pro-
jection to the vestibule—thus preventing us from formally
identifying it as an ectopic VEN. We can therefore not
exclude an alternate, more convoluted scenario, which
would posit that VEN neurons fail to differentiate altogether
in Mash1 knock-outs, while a discrete subpopulation of
FBMs fails to migrate caudally. A subventricular ectopic
mass of FBM neurons has been reported in CDK5 knock-
outs (Ohshima et al., 2002) and in mice overexpressing
Kreisler in r5 (Theil et al., 2002). However, in these cases,
the mass of ectopic neurons is much bigger, corresponding
to the entire facial nucleus, which fails to undergo its caudal
and/or radial migration. An incomplete migrational defect
has been reported in Ebf1 knock-outs (Garel et al., 2000)
and in Dab1/ and Dab1//p35/ embryos (Ohshima et
al., 2002), and it results in a deformation and/or ectopia of
the entire facial nucleus. By contrast, the presence of a
facial nucleus of normal size and shape in Mash1 knock-
outs and the compact and discrete structure of the “X”
nucleus, whose size approximates that of the wild type VEN,
argues in favor of the first scenario, i.e., that Mash1 is required
for the contralateral and dorsal migration of VEN precursors.
Unexpectedly, the CEN does not seem to be affected in Mash1
knock-outs and is likely formed by the residual GATA3 cells
which are detected in the mutants at E10.5—although GATA3
expression itself is not the likely cause of proper CEN forma-
tion, which occurs in GATA3 knock-outs (Karis et al.,
2001). In conclusion, the ectopic accumulation of hindbrain
efferents in Mash1 knock-outs unveils a novel type of func-
tion for a bHLH “proneural” gene, i.e., in the migratory
behavior of postmitotic neuronal precursors.
Function and regulation of GATA3 in r4
GATA3 expression in the hindbrain is restricted to three
neuronal types: a subclass of V2 interneurons (Smith et al.,
2002), serotonergic neurons (van Doorninck et al., 1999),
and the IEEs (Karis et al., 2001, and this study). GATA3 has
not been examined for a functional requirement in V2 in-
terneurons—which are reported to depend on GATA2 (Zhou
et al., 2000)—but it is involved in serotonergic differenti-
ation (van Doorninck et al., 1999). In the IEEs, the function
of GATA3 is, so far, incompletely resolved: a lack of con-
tralateral projection has been reported (Pata et al., 1999) but
was later found to be partial and/or of incomplete pen-
etrance (Karis et al., 2001) (see above). Finally, IEE axonal
guidance defects have been described in the periphery of
GATA3 nulls (Karis et al., 2001), but their cell autonomy is
uncertain since GATA3 is also expressed in the target of
IEEs, i.e., the inner ear (George et al., 1994), which is
largely affected in GATA3 knock- outs (Karis et al., 2001).
Whatever the precise function of GATA3 in IEEs, its ex-
pression, combined with that of the bm/vm markers Phox2a,
Phox2b, Islet1, and Tbx20, is a signature marker of this
r4-specific cell type.
Our data shed light on the complex regulation of GATA3
in r4, summarized in Fig. 7. The expression of GATA3 in the
progeny of r4 pMNv requires Hoxb1 and GATA2 in a linear
Hoxb1GATA2GATA3 cascade (Pata et al., 1999). Here,
we show that Phox2b is also required for the normal (high)
expression of GATA3 in ventral r4. However, weak GATA3
expression is switched on in a fraction of Phox2b/ ventral
precursors throughout the length of the hindbrain, including
in r4 (Fig. 3). These cells correspond to serotonergic pre-
cursors. Indeed, in wild type embryos, serotonergic differ-
entiation occurs in the pMNv domain of the hindbrain after
the differentiation of bm/vm neurons (Briscoe et al., 1999).
In r4, the prolonged production of FBMs (underlain by the
prolonged expression of Phox2b) prevents serotonergic dif-
ferentiation altogether (Pattyn et al., 2003). In Phox2b
knock-outs, serotonergic differentiation occurs prematurely
in r2, r3, and r5–7, and its block in r4 is alleviated, as
evidenced by the expression pattern of Pet1 (Pattyn et al.,
2003), GATA2, GATA3 (this study), and serotonin (Pattyn et
al., 2003; and this study). Therefore, Phox2b is required for
GATA3high expression in the context of IEE differentiation
(which it instructs), and its downregulation is required for
GATA3low expression in the context of serotonergic differ-
entiation (which it suppresses).
Our gain-of-function experiments show that Phox2b can
induce GATA2 and GATA3 in neuronal precursors when
ectopically expressed in the dorsal spinal cord. We had
previously demonstrated that Phox2b could induce bm/vm
like motor neurons (Dubreuil et al., 2000). Coexpression of
GATA3 makes their phenotype closest to that of IEEs. It is
unexpected that this minority cell type would be the default
mode of ectopic Phox2b-directed neuronal differentiation in
the spinal cord. An interpretation which would reconcile
these loss- and gain-of-function phenotypes is that Phox2b
is, on its own, a repressor of GATA2/3 which is converted,
directly or indirectly, into an activator by the presence of
Hoxb1 expressed specifically in r4 at hindbrain levels dur-
ing motoneuronal generation, and throughout the spinal
cord at the early stages when electroporation is performed
(Sundin and Eichele, 1990). It remains unclear, however,
why GATA2/3 expression arises in only a small fraction of
Phox2b precursors within r4 but in the majority of Phox2
neurons ectopically induced in the spinal cord (Fig. 6A, B,
E, and F).
We also show that Mash1 is required for GATA3 ex-
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pression in r4. More precisely, many fewer cells express
GATA3 in Mash1 mutants, but the level of expression in
residual GATA3 cells is comparable to wild type. The fate
of these Phox2b/GATA3high cells is likely to populate the
CEN, which is present and expresses GATA3 in Mash1 nulls
(see above). Like Phox2b, Mash1 can induce GATA3 when
ectopically expressed in the dorsal spinal cord. This induc-
tion is unlikely to correspond to the differentiation of V2
interneurons—which express GATA3 and that Mash1 can
ectopically induce in the ventral spinal cord in knock in
experiments (Parras et al., 2002)—since electroporated
Mash1 also induces Islet-1 (Dubreuil et al., 2002; and data
not shown), but neither Chx10, another marker of V2 inter-
neurons (Karunaratne et al., 2002), nor GATA2 (not shown
and Fig. 6G and H). It is possible that the Mash1-dependent
expression of GATA3 reflects a postmitotic function of
Mash1 both in the IEEs (where it is postmitotically main-
tained) and in ectopic spinal GATA3 neurons (where it is
expressed from the CMV/actin promoter and cannot be
downregulated upon cell cycle exit).
Finally, it is striking that the domain where GATA3
cells are generated, as judged from their dependency on
Phox2b and from the occasional GATA3 cell detected in
the neuroepithelium, is indistinguishable from the pMNv
domain which predominantly produces FBMs during the
same time window. This observation poses the so-far unex-
plored question of how two different neuronal identities can
be specified synchronously in a single neuroepithelial do-
main. The scattered appearance of GATA2/GATA3 cells
emerging from the neuroepithelial Phox2b domain (Fig.
1), the requirement, for GATA3 expression, of a “proneural”
bHLH gene, and the quantitative rather than all-or-none
aspect of this requirement raises the intriguing possibility
that GATA3 cells are selected from the pool of Phox2b
progenitors by a process akin to lateral inhibition.
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